Intact ecosystems are being lost or modified worldwide, and many animal species are now forced to live in altered landscapes. A large amount of scientific studies have focused on understanding direct effects of habitat alterations on species occurrence, abundance, breeding success, and other life history aspects. Much less attention has been placed on understanding how habitat alterations impact on the physiology of species, e.g., via elevated chronic stress when living in an altered landscape. Here, we quantify the effects of individual age and sex, as well as effects of landscape and social factors on chronic stress of an endangered forest specialist species, the Siberian flying squirrel Pteromys volans. We collected hair samples over 2 years from across 192 flying squirrels and quantified their chronic stress response via cortisol concentrations. We then ran statistical models to relate cortisol concentrations with landscape and social factors. We show that cortisol concentrations in flying squirrels are neither affected by habitat amount and connectivity, nor by the density of conspecifics in the area. We however found that cortisol concentration was higher in adults than in pups, and in males compared with females. Lack of an effect of environmental factors on cortisol concentrations may indicate low physiological sensitivity to alterations in the surrounding environment, possibly due to low densities of predators that could induce stress in the study area. Further research should focus on possible effects of varying predator densities, alone and in interaction with landscape features, in shaping chronic stress of this and other species.
Introduction
The loss, fragmentation, and degradation of habitats are major drivers of the current biodiversity crisis and species extinction globally (Pimm et al. 1995) . In order to tackle and reverse these drivers of threat, it is crucial to have a deep understanding of the processes and mechanisms linking species and individual responses to rapid environmental changes. Unfortunately, such understanding is still very limited for several species, and this lack of knowledge strongly reduces the effectiveness of conservation actions (Sutherland et al. 2004) .
Habitat changes and disturbance can influence the behavior and physiological status of a species, ultimately affecting reproduction and population persistence (Santangeli et al. 2012) . Although demographic impacts (e.g., on breeding success and survival) resulting from changes in the environment have been widely documented (Ewers and Didham 2006; Newton 1998) , physiological impacts (e.g., increase in chronic stress) have only recently been considered in studies within the field of applied ecology and conservation (Creel et al. 2002; Navarro-Castilla et al. 2014; Tarjuelo et al. 2015) . Vertebrates typically cope with noxious temporary stimuli by initiating a stress response (Sheriff et al. 2011 ). If such a stress response is activated and maintained over time due to a permanent stimulus, e.g., a change in the environment that becomes inhospitable to the species, the stress may become chronic, impairing individual's health with repercussions on fecundity and survival (Charbonnel et al. 2008; Rakotoniaina et al. 2017; Sapolsky et al. 2000; Sheriff et al. 2011) .
Habitat loss (i.e., the reduction in forest patch size in the landscape), fragmentation (i.e., the breaking apart of forest patches thus becoming increasingly isolated), and degradation (e.g., selective logging that changes the forest structure) may force forest-dwelling species to change their behavior, cross gaps in forests and use forest edges. Crossing forest gaps and moving along forest edges may ultimately result in increased stress for forest specialist species (Brearley et al. 2012 ). These effects have been for example demonstrated for several arboreal squirrel species in North America and Europe (Koprowski 2005; Chen and Koprowski 2016; Mäkeläinen et al. 2016; Trapp et al. 2019) . Human-induced environmental changes may also affect inter-and intraspecific interactions leading to increased predation risk (e.g., Brearley et al. 2012; Gorini et al. 2012; Smith 2012) , as well as affect resource availability and competition (Ewers and Didham 2006) .
Steroid hormones, particularly cortisol and corticosterone, have been used to investigate whether animals living in different environments experience different levels of chronic stress (Sheriff et al. 2011) . Cortisol concentrations in feces and hair have been used as a non-invasive approach to quantify stress caused by anthropogenic changes in the environment in several vertebrates (Brearley et al. 2012; Sheriff et al. 2011) . In addition to the physiological consequences for the adults, environmental stressors may also affect offspring growth and fitness through the stress perceived by breeding females (Bairos-Novak et al. 2018; Dantzer et al. 2013) . Few studies have shown that females exposed to high stress during the early phase of reproduction produce fewer and smaller offspring with higher levels of steroid hormones (Sheriff et al. 2009 ). These transgenerational effects of stress could potentially influence population dynamics, through a decline in reproductive success (Sheriff et al. 2010) .
Ultimately, anthropogenic environmental stressors, such as habitat changes, could affect animal populations both directly, through their influence on breeding adults, as well as indirectly, through transgenerational effects on the offspring. This may carry important implications for habitat management and wildlife conservation. However, we broadly lack knowledge about the effects of environmental (e.g., resource availability) and social factors (e.g., density of congeners, sex, and age) on the stress levels of many elusive animals, such as forest-dwelling nocturnal species. Many such forest specialist species are endangered, particularly in the Boreal forests of Europe and North America, largely owing to intensive forest management practices (Koprowski 2005; Santangeli et al. 2013a, b) . Therefore, it is relevant to study the physiological, in addition to the demographic, response of such species to potential sources of stress in semi-natural as well as anthropic landscapes.
Herein, we contribute to fill the above knowledge gap by investigating environmental and social factors potentially associated with chronic stress, measured as hair cortisol concentration, of an endangered mammal species, the Siberian flying squirrel (Pteromys volans; hereafter flying squirrel). So far, no studies have investigated the physiology of this species in general, and particularly in relation to the potential drivers of chronic stress. Understanding how environmental changes may lead to a stress response is particularly important in endangered species, because the possible consequences of stress on local populations could lead to drastic consequences for the overall species conservation. In such cases, it is also important to adopt the least invasive sampling approach, to minimize additional stress to the individual.
Specifically, (1) we quantified whether cortisol concentrations in flying squirrel hairs vary depending on age (adults versus pups) and sex (males vs females). Because sampling was done during the reproductive season, we predict adult females to have higher cortisol levels compared with adult males, as is common among female mammals in general (Huhman et al. 2003; Nikicicz et al. 1984; Reeder and Kramer 2005; Waterhouse et al. 2017) . (2) We quantified the relationship between cortisol concentrations and landscape factors, e.g., amount of suitable habitat, at different spatial scales, (3) as well as the impact of the density of other adults of the same sex in the area. We predict that cortisol concentrations would be higher in areas with lower availability of suitable habitat, in small patches and patches that are most exposed to open areas (Brearley et al. 2012) , and where congener densities are highest due to increased competition (Charbonnel et al. 2008) . Assessing effects of congener density is relevant because in the Siberian flying squirrel, males are smaller than females and compete for females through a scramble competition mating system (Selonen et al. 2016) . Thus, high male densities may result in increased stress. Finally, (4) we quantified whether the cortisol concentrations of adult and pups flying squirrels is related to individual body condition and (5) whether cortisol concentrations of adult females correlated with cortisol concentrations and body condition of their offspring. We expect that individual in better condition would have lower levels of cortisol (Shero et al. 2015) , and that cortisol concentrations of mothers would be positively correlated with cortisol concentrations of pups but negatively with pups body condition (Bairos-Novak et al. 2018) .
Methods

Study species and study landscape
The flying squirrel is a nocturnal arboreal squirrel widely spread throughout the Eurasian taiga. Within the European Union, most of the species population occurs in the southern part of Finland (Santangeli et al. 2013a) . Populations of flying squirrels in Finland are declining due to destruction of their primary habitat, layered mixed forests dominated by mature spruce (Koskimäki et al. 2014) . These forests provide food resources, nesting places, and shelter. The flying squirrel is strictly arboreal, and although it can cross narrow openings, it refrains from crossing large gaps (Selonen and Hanski 2003) . Large spruces are perceived to provide cover against predators and are used for storing winter food (Mäkelä 1996) . Litters are reared in cavities built by the great spotted woodpecker (Dendrocopos major) but nest boxes are readily used (Koskimäki et al. 2014; Lampila et al. 2009 ). Adults have a strong site fidelity, with males' home range being about 60 ha while that of females is about 8 ha (Hanski et al. 2000) .
Contrary to many other mammal species, female flying squirrels are larger than males (Selonen et al. 2016 ). Females of this species are also territorial, spending the whole life within their home range that does not overlap with that of other females (Selonen et al. 2013) . The home range of males can instead overlap with that of several other males, and can include multiple female home ranges (Selonen et al. 2013 ). Male's movement activity increases during the breeding season, when males compete for females, and multi-male paternity can occur within the same litter (Selonen et al. 2013) . The flying squirrel is globally classified as Least Concern according to the IUCN Species Red List, but within the European Union is listed in the Habitats Directive, which has been enforced through ineffective habitat protection in Finland (Jokinen et al. 2014; Santangeli et al. 2013b; Wistbacka et al. 2018) .
The study area in western Finland (municipalities of Larsmo-Öja and Vaasa, see Fig. 1 ) is largely comprised of intensively managed boreal forests and is extensively described in Santangeli et al. (2013b) and Wistbacka et al. (2018) . Most forests in the Larsmo-Öja area are privately owned and managed for timber production ending with a final clear-cut when the forest is about 60 to 80 years old. As a result, most forests in this area are younger than 80 years (Finnish Forest Research Institute 2014) , with scattered patches of older forest that nowadays remain suitable for the flying squirrel to breed (Wistbacka et al. 2018) . Conversely, the Vaasa area is largely dominated by urban parkland stretching along the coast-line near the city of Vaasa. This recreational area is largely composed of sparse but large trees suitable for flying squirrels to breed. The trees in this area are largely unmanaged; therefore, their average age is higher than that of the Larsmo-Öja area.
The study system is comprised of 69 study sites (forest patches suitable for breeding, see below; n = 10 in Vaasa and 59 in Larsmo-Öja), each including 1 to 5 nest boxes (depending on the size of the patch) suitable for flying squirrels. These sites are part of a long-term study on the species ecology, conservation, and life history (Santangeli et al. 2013b; Selonen et al. 2014; Wistbacka et al. 2018 ).
Collection of samples and body measures
During 2015 and 2016, all nest boxes in the study area have been checked in June (corresponding to the species breeding period, i.e., when pups are about 6 weeks old) and all adults and pups have been sexed, aged, their body mass, and femur length measured (see Selonen et al. 2016) . A sample of about 10 mg of hairs was then cut from the side of the tail of each individual. Cutting was done as close as possible to the base of the hair while avoiding any risk of harming the tissue of an individual. All hair samples were cut by the same observer with the same protocol. For logistic reasons, we could not apply the clip and regrowth protocol that would allow knowing the exact time span of the hair growth as suggested by Sheriff et al. (2011) . Nevertheless, the hair sampling has been carried out in a systematic and consistent way for all individuals; therefore, the resulting cortisol concentrations are comparable between individuals, as they would all relate to a similar time span of hair growth, during same time of the year. Collected hair samples were stored in a dry place at room temperature and then sent off to be analyzed in the lab for extraction of cortisol levels. Hair samples were chosen because they are indicative of chronic stress relevant for a long time period spanning weeks to a few months (i.e., the growth time of hairs; Sheriff et al. 2011 ), compared with, e.g., blood samples from which measured stress levels may be affected by short-term events, including handling of the animal (Desantis et al. 2016; Sheriff et al. 2011) . Moreover, this method is least invasive and thus more ethically acceptable than, e.g., drawing blood samples, particularly for a species that is nationally protected and listed within the Habitats Directive of the EU. In the lab, samples were washed with 100% methanol for 2 min. Methanol was then decanted and the dried samples were powdered in a bead mill. Next, hairs were extracted with 400 μl 90% methanol and aliquots of 20 μl, diluted 1:2 with water, and analyzed in the enzyme immune assay (EIA). Hydrocorticosterone was quantified using a polyclonal inhouse antibody against cortisol-21-hemisuccinate (HS), coupled with bovine serum albumin (BSA) raised in rabbits, used together with the corresponding 21-HS-steroid coupled to peroxidase (HRP) as label for the EIA. Antibody crossreactivity with different glucocorticoids was as follows: 4-pregnen-11a,17,21-triol-3,20-dione (cortisol) 100%, 4-pregnen-11ß,21-diol-3,20-dione (corticosterone) 13.2%, and 4-Pregnen-21-ol-3,20-dione (desoxycorticosterone) < 0.1%, respectively (see Methods in Voigt et al. 2004) .
Cortisol standards were prepared, in duplicates of 20 μl, by 1:1 dilutions in assay buffer ranging from 0.2 to 100 pg/20 μl. All the duplicates, together with 100 μL cortisol-HRP conjugate in assay buffer (50 mM Na 2 HPO 4 /Na 2 HPO 4 , 0.15 M NaCl, 0.1% BSA, pH 7.4), were added to a plate, which was then incubated overnight at 4°C and then washed four times with washing solution. One hundred fifty microliter substrate solution was added per well (1.2 mM H 2 O 2 , 0.4 mM 3,3′,5, 5′-tetramethylbenzidine in 10 mM sodium acetate, pH 5.5), and the plates were incubated in the dark for 40 min. Fifty microliters of 4 N H 2 SO 4 were then added to stop the reaction and the samples were measured at 450 nm with a 12-channel microtiter plate reader (Infinite M 200; Tecan). Hormone concentrations were calculated using the Magellan software (Tecan; see Finkenwirth et al. 2010) . The sensitivity of the assay was defined as two standard deviations from the signal given by the zero blank and thus was 0.2 pg per well.
Body condition was calculated for each adult and pup from the mass and femur length measures and using the scaled mass index (Peig and Green 2009 ). This index scales each individual body mass to the expected value if all individuals had the same body size. The scaled mass index is deemed highly Fig. 1 The location of the study sites within Larsmo-Öja (upper) and Vaasa (lower map) study areas. The volume of trees obtained from the Multi-Source National Forest Inventory of the year 2015 is also shown in gray scale, whereas the land areas are delimited by the black line. The inset at the top right of the lower map shows the location of the two study areas (black triangles) in central-western Finland robust to measurement errors and allows reliable comparability of body condition from measurements taken on different subjects (Peig and Green 2009) . The scaled mass index was calculated separately for adult males and for pups (both sexes combined). It was not possible to calculate body condition of females because the measures were taken during the breeding period, when a fraction of the females may be pregnant with a second litter (Selonen et al. 2016) , thereby introducing an unknown bias in the estimation of the real condition. Descriptive statistics of the variables listed above are presented in Supporting Table A1 .
Landscape variables
Our study population inhabits a landscape of fragmented mature forest patches differing in size, shape, and connectedness, and separated by a matrix of commercial monospecific young forest as well as open areas. We classified habitats at and around the study sites into three discrete classes following Wistbacka et al. (2018) . A suitable habitat class was represented by layered spruce dominated mixed forests which provide food and shelter and are suitable for breeding. A semi-suitable habitat class depicted mono-specific forests (typically pines) where flying squirrels can move but cannot breed because of lack of some resources (such as food provided by deciduous trees or shelter provided by spruce trees). Unsuitable habitat is represented by open areas covered by young sapling stands or clear-cuts, roads, fields, water, or built up areas, i.e., areas unusable for flying squirrels for moving, feeding, and breeding. These habitats have been mapped in the field and updated yearly (Wistbacka et al. 2018 ). We measured the cover of each of the three habitat classes within 100 and 200 m distance from the center of each nesting site (i.e., where the nest boxes are located, following Santangeli et al. (2013b) , Wistbacka et al. (2018) . These two radii have been previously found to capture habitat within the biologically relevant space used by breeding male and female flying squirrels (Hanski et al. 2000; Santangeli et al. 2013b; Wistbacka et al. 2018) . Next, we also calculated the total size of the suitable forest habitat patch where the nesting site is centered. Finally, we considered the perimeter of the patch of suitable forest where the nest was centered. We extracted the amount of this perimeter bordering with semi-suitable habitat. We then calculated the proportion of the total perimeter of the patch of suitable habitat bordering semi-suitable habitat. This variable, hereafter named Bembedding,^provides a measure of how the focal patch is sheltered by semi-suitable habitat as compared with unsuitable open habitats (see also Wistbacka et al. 2018 ). Thus, low values of embedding indicate patches that are highly exposed, that is, largely bordering open areas, and that may increase the stress level of flying squirrels living in those, as found in other species (e.g., Brearley et al. 2012) . All above variables were extracted in a Geographic Information System (GIS).
Descriptive statistics of the environmental variables listed above are presented in Supporting Table A2 .
Social environment variables: relative sex-specific density
We used all the locations of recorded adult flying squirrels in the study region to build kernel density maps representing the relative density of male and female separately in 2015 and 2016 in ArcGIS 10.1 (©ESRI). Next, we extracted the sexspecific and year specific relative density at the location (i.e., nest site) from where we had cortisol data on each adult flying squirrel. We later use this measure of sex-specific relative density as a proxy for intra-sex interactions and competition that may affect cortisol concentration of an individual (Charbonnel et al. 2008) . Descriptive statistics of relative congener density are provided in Supporting Table A1 .
Statistical analyses
Basic model structure In order to address each of the study questions (see above), we first set up a basic and minimal general linear mixed model (GLMM) structure including as the response variable the cortisol concentration measured for each individual. We included in this basic model the identity of a family (e.g., a common value for all pups and adults found in the same site and assumed to be related to each other) as a random factor to account for possible pseudo-replication resulting from cortisol values measured from individuals of the same family. Although we attempted to collect as similar amount of hair (10 mg) per individual as possible, some variation in the amount collected was unavoidable. Therefore, we included the micrograms of analyzed hairs (log transformed) as a weight to correct for the fact that samples with a larger amount of hairs are likely to yield more precise measures of cortisol, and thus were given higher weight on the results, compared with samples based on a lower amount of hair. As data were collected across two study years (2015 and 2016) and two rather disjunct study areas (Larsmo/Öja, dominated by managed forests, and Vaasa, a urban recreational parkland area), we also included these two variables as categorical (i.e., area and year; each with two classes) in each model. As area and year are part of the study design, hence, they are a priori included in each model, so that their effect would be controlled for in each case.
Models with predictors
We then used the above described basic model structure to test the hypotheses stated in the five aims by adding in turn the relevant covariates. Building a separate model for each of the study questions is appropriate given sample size limitations and collinearity among many of the predictors, particularly those referring to landscape (see also Wistbacka et al. 2018 ). The first model aimed to investigate sex and age variation in cortisol levels (1) by including these two categorical variables to the basic model structure (n = 192), as well as their interaction.
Next, we investigated the effects of the environmental covariates (aim 2) on cortisol concentration. Again, we started from the basic model detailed above and added in turn each of the eight landscape predictors, i.e., amount of suitable, semisuitable, and unsuitable habitat, within 100 m and within 200 m radius, as well as the size of the forest patch and embedding (sample size = 192). In this model, age (pup versus adult) and sex of the individuals, as well as their interaction, were also included to control for differential responses to habitat by individuals of different sex and age classes. This resulted in eight separate models, each testing the separate effect of each landscape predictor on cortisol concentration.
The impact of conspecific density on cortisol levels (3) was addressed by including the relative congener density as a covariate to the basic model using a subset of adult only data (n = 31 and 48 for male and female models respectively). This resulted in two separate models, one for adult males and one for adult females.
Variations in hormone levels according to body condition (4) were considered by adding the scaled body mass index to the basic model using a subset of data from adult males and pups in two separate models (n = 31 and 111 respectively). Finally, correlations between females and pups cortisol levels (5) were studied by running two simple linear models with adult female cortisol as the response and either the average cortisol level or the scaled mass index of the pup females from the same litter as the predictor, while controlling for year and study area (n = 26). We only considered pup females in the latter model to avoid unnecessary noise in the data caused by the sex ratio, because male pups were found to have higher cortisol concentration than female pups.
The response variable was log-transformed to reduce the spread of the values, whereas all landscape level variables were scaled and centered to zero mean and unit variance to allow for comparability in the estimates of their effect sizes. All analyses were performed in R software version 3.4.3 (R Core Development Team 2017).
Results
Hair cortisol concentrations in flying squirrels significantly vary by sex and age of individuals, being higher in adults than in pups, and in males compared to females (Table 1 ; Fig. 2 ). We found no relationship between cortisol concentrations and any of the landscape variables, such as suitable, semi-suitable, and unsuitable habitat cover at the two spatial scales, as well as no relationship with the size of the forest patch or its embedding (Table 1) . Moreover, cortisol concentrations of adult male and female flying squirrels were not related to the relative density of other adults of the same sex in the area (Table 2 ). Cortisol levels of adult males as well as pups of both sexes were not related to their body condition (Table 2) . Moreover, we found no clear relationship between the cortisol level of adult female flying squirrels and the average cortisol level or body condition of the female pups from their litter (cortisol level, estimate ± SE = −0.72 ± 0.35; t = −2.04; p = 0.054; and body condition, 0.73 ± 0.56; t = 1.30; p = 0.21). Significant variables (α < 0.05) are shown in bold font Fig. 2 Cortisol concentrations (pg/mg of hairs on the log scale) of flying squirrels in relation to age and sex. Bars represent least square means and standard errors for the cortisol derived from the relative models presented in Table 1 which also included the interaction term between sex and age
Discussion
Effects of sex and age on cortisol concentrations
The higher cortisol concentration found in adult male flying squirrels, compared with females, contradicts our initial prediction based on previous studies (e.g., Reeder and Kramer 2005; Waterhouse et al. 2017 ). This result may be explained by the male flying squirrels having larger and more widely overlapping home ranges than females (Selonen and Hanski 2003; Selonen et al. 2013) , and by their breeding strategy. The flying squirrel, as many other arboreal squirrels, departs from the general pattern found in mammals whereby males are larger than females (Selonen et al. 2016) . Moreover, males typically compete for females during the breeding season, and this competition was identified as a potential main driver of body mass variation in male flying squirrels (Selonen et al. 2016) . Conversely, adult female flying squirrels can also frequently occupy the same nesting site in winter, suggesting they are somewhat more social, at least during winter, than males (Selonen et al. 2014) . Possibly, competition and the higher vagility of male compared with female flying squirrels may have repercussions at the physiological level, ultimately affecting the chronic stress of individuals. This topic requires further empirical studies before solid conclusions are drawn. The finding that flying squirrel adults have higher cortisol concentrations than pups may also relate to the life stage and activity patterns relative to the period when cortisol concentrations accumulate in the hairs (i.e., the growth time of sampled hair). During this reproductive period, adult females may need to increase their foraging activity and males may move across large areas while seeking for receptive females (Selonen et al. 2013; Selonen et al. 2016) . Conversely, pups spend most of the time in the nest box during the same period and may be less affected by external stressors, e.g., landscape and predators, thereby showing lower cortisol concentrations despite potential competition among siblings, which is largely unknown.
Effects of environmental factors on cortisol concentrations
We found no indication that any of the landscape factors considered would have a measurable effect on hair cortisol concentration of flying squirrels. The broad assumption was that this forest dwelling species typically prefers to move within mature forests and avoids crossing large gaps as this may expose it to predation and other risks (Mäkelainen et al. 2016) . However, especially male flying squirrels have been found to cross small forest gaps (Selonen and Hanski 2003) . Gap crossing in search of food resources and nesting cavities may be common when individuals settle in small forest patches and areas with limited amounts of suitable habitat (Mäkeläinen et al. 2016; Selonen and Hanski 2003) . The landscape variables (e.g., amount of suitable habitat and patch size) and spatial scale (100 and 200 m radii) considered here have been found to have a strong effect on overall, and especially of breeding females, occurrence in flying squirrels in Finland (Jokinen et al. 2014; Santangeli et al. 2013b; Wistbacka et al. 2018) . However, despite the importance of these landscape features for flying squirrel breeding habitat choice, they did not have any effect on hair cortisol concentration, suggesting that there might be different factors affecting habitat selection versus physiological responses in this study system and species. Habitat choice by flying squirrels is largely driven by resource availability (such as food and cavities for breeding) as well as predator avoidance (such as Ural owl Strix uralensis and eagle owl Bubo bubo, Byholm et al. 2012) . These avian predators are however rather scarce in the study area (about five resident pairs of eagle owl in Larsmo/Öja and none in Vaasa, whereas Ural owl is very scarce in both areas; authors own observations). Therefore, predation risk may represent only a negligible source of stress for flying squirrels locally. This could thereby explain the lack of a strong physiological response to landscape-mediated factors.
In addition to natural environmental stressors, like food and predators, also anthropic presence could lead to a stress response in wild animals. A study from Australia reported an effect of habitat edges bordering major roads on the hair cortisol concentration of the squirrel glider (Petaurus norfolcensis) in an urban environment (Brearley et al. 2012) . In that case, the habitat-mediated effect was direct, as the species was found to avoid edge areas due to anthropogenic noise and disturbance (Brearley et al. 2010) . More generally, a meta-analysis study found a broadly consistent positive link between glucocorticoid levels and anthropogenic disturbance (Dantzer et al. 2014) . Overall, our results reinforce the broad view that stress responses to environmental disturbances in wild animals may often be contextdependent and species-specific (see e.g., Brearley et al. 2012; Romero and Wikelski 2002) . Finally, the results could be partially masked by methodological constraints. In this study, we were only able to measure cortisol concentrations through the non-invasive collection and analyses of hair samples from the tail of the individuals. It has been shown that the body location from which hair samples are collected, as well as the type of samples (e.g., faces versus hair) may affect the resulting stress values (Mastromonaco et al. 2014; Terwissen et al. 2013) . Moreover, we collected hair samples that are representative of the breeding period of the species. It is possible that cortisol concentrations in this species may be elevated during breeding to a level that could mask the effect of any other external factors, such as landscape-mediated factors. Therefore, collecting samples from different seasons, different parts of the body as well as different sample types would represent a step forward toward ultimately concluding whether landscape features have any effect on the chronic stress of flying squirrels. In addition, North American flying squirrels have been recently shown to have low sensitivity to cortisol (Desantis et al. 2018 ). This may be the case also for the Siberian flying squirrel, thereby explaining the findings of this study. This issue should however be investigated in depth with further studies.
Effects of social and intrinsic factors on cortisol
The result that congener density was not related to cortisol concentration in adult flying squirrels contrasts with our initial prediction that individuals living in high density areas may show higher stress response. This pattern has been uncovered in several mammal species and may relate to intra-specific competition (Dantzer et al. 2013; Mastromonaco et al. 2014 ). In the case of the flying squirrel population studied here, it may be possible that densities may not be high enough (Santangeli et al. 2013a ) to trigger a measurable physiological response. Also, our measure of relative density represents only a crude proxy of real densities because not all the study area and all adult flying squirrels are extensively surveyed. This may have caused an underestimation of the real densities, thereby potentially masking a density-dependent effect on cortisol concentrations measured. It may also be possible that cortisol concentrations in hairs may not show as strong signal of chronic stress as it may be from facial samples, as the findings from a study on a wild population of chipmunks (Tamias striatus) suggests (Mastromonaco et al. 2014 ).
We did not find any relationship between hair cortisol concentrations and body condition in adult male flying squirrels, nor a link between cortisol concentrations of mothers with body condition of their pups. There was however a tendency for female pups to have similar cortisol concentrations as their mothers. Early life stress in rodent pups has been associated with the level of parental care and stress of mothers (Dantzer et al. 2013) . For example, pups from less caring mothers and those that have been longer separated from their mothers were found to have higher stress levels (Novais et al. 2017 ). In the case of flying squirrels, adult chronic stress, as measured by hair cortisol concentrations, does not appear to be related by the physical or social landscape around them, which may also explain the lack of a relationship between cortisol concentrations in mothers with cortisol, as well as the body condition, of their pups. This lack of strong correlation could however be due to the impossibility to control for female body size on neither their cortisol level, nor the level of their pups, due to possible unknown pregnancy of the females which could bias the observed body condition. Previous evidence indeed suggests body mass to be lower in chronically stressed individuals due to inhibition of their growth hormones under stressful conditions (Breuner et al. 2013) , and during adulthood, chronic stress may cause a reduction in body mass (Hodges et al. 2006) . However, all the above patterns appear to be species and context specific (Breuner et al. 2013) , and the results presented here seem to confirm that broad conclusion.
Conclusions
The limited sample size in view of the large variation in the variables measured may have led to a type II error regarding the potential effect of the environmental variables on flying squirrel cortisol concentration. As for many field studies on elusive nocturnal species, logistical constraints hindered the collection of a larger amount of data than that used for this study. Enlarging the sample size might help to conclude if the lack of any relationship between cortisol concentration and the environmental variables tested is genuine or might have been due to the limited sample size. Ultimately, and keeping in mind the above limitations, our findings suggest that while hair cortisol concentrations of flying squirrels differ by age and sex classes, they appear to be not affected by landscape (e.g., amount of habitat and its fragmentation) or social (congener density) factors, nor by intrinsic factors (e.g., body condition). From a conservation perspective, this seems to indicate that habitat amount, while being a strong determinant of the occurrence of the species (Santangeli et al. 2013b; Wistbacka et al. 2018) , may not measurably affect the chronic stress of individuals. Ultimately, these results may represent only a first step toward understanding stress, and the drivers of it, in the flying squirrel. Future work should focus on validating the use of hair cortisol concentrations as a measure of stress (Mastromonaco et al. 2014) in this species. In addition, more empirical, and possibly experimental work is needed to uncover the link between chronic stress and several intrinsic factors relating to individual flying squirrel health, life history stage, and social status, as well as extrinsic factors relating to environmental conditions, including both landscape and predation risk.
